Grass culms are known to differ in breaking strength, but there is little physicochemical data to explain the response. The fourth intemode of four brittle and two nonbrittle barley (Hordeum vulgare L.) strains were used for physical and chemical studies of culm strength. Inner and outer culm diameters of brittle strains (3.6 ± 0.2 and 5.0 ± 0.1 millimeters) were not significantly different from those of nonbritte strains (3.9 ± 0.2 and 5.2 ± 0.2 millimeters). Maximum bending stress, at which the culm was broken, was 192 ± 34 g/mm2 for brittle and 490 ± 38 g/mm2 for nonbrittle strains. Wall thickness and cell dimensions of epidermal, sclerenchyma, and parenchyma cells were measured in culm cross sections. The area of cell wall per unit cell area for each tissue was significantly correlated with the maximum bending stress (r = 0.93 for epidermis, 0.90 for sclerenchyma, and 0.84 for parenchyma). Cell walls of brittle culms had 6 to 64% as much cellulose content as those of nonbrittle culms. Maximum bending stress correlated significantly with cellulose content of the cell walls (r = 0.93), but not with the contents of noncellulosic compounds. The lower cellulose content of the brittle culm was significantly correlated with brittleness.
Brittle (fragile) culms have been investigated mainly from the genetical view-point using maize (3) , rice (9, 15, 23) , and barley (24, 25) . The stiff culm of barley has been studied physiologically (6, 7) . The maximum bending stress and hardness of the stiff culm was twice that of normal culms (6) , although the Young's modulus ofboth culms differed by only 16% (7) . The chemical nature of the cell walls of stiff and brittle culms has not been studied. Nagao and Takahashi (15) suggested that there was a lower cellulose content in the cell wall of brittle rice culms without providing experimental evidence.
Two hundred and forty barley mutants (OUM2 were produced by treating uzu Akashinriki, a semi-dwarf cultivar, with ethylene methane sulfonate (10) . Among (normal) . Close correlation between growth rate and endogenous IAA content (r = 0.907) suggested that dwarfism ofthese strains was caused by reduced IAA content (8) .
Three strains (OUM 40, OUM 41, and OUM 42) had slow rates of stem elongation and were found to have brittle culms (1 1) , although hormonal studies on the dwarfism has not been completed. Experiments were performed to study the cause of culm brittleness of these three strains by comparing maximum bending stress, cell wall thickness, and cell wall components of their culms with those of nonbrittle culms.
MATERIALS AND METHODS

Plant Materials
Brittle barleys (Hordeum vulgare L.) used were Kamairazu, whose genetic background is not known (25) , and OUM 40, OUM 41, and OUM 42 that were developed by treating uzu Akashinriki (semidwarf cultivar) with ethylene methane sulfonate (10) . Gene loci for brittleness of OUM 40, OUM 41, and OUM 42 have not been identified (T Konishi, personal communication). Nonbrittle barleys were uzu Akashinriki and Akashinriki (normal), which had isogenic genes of uzu Akashinriki except for the semidwarf gene.
Seeds were sown in the middle of November at the experimental farm of the Research Institute for Resources, Okayama University. Samples were harvested at about 1 week intervals from the times of initiation to cessation of internode elongation during 1985, 1986, 1987, and 1988. Five to 50 culms, with leaf blades and sheaths removed, were immediately immersed in methanol and kept at room temperature until analyses were performed. from the middle of the internode of the fixed culms were carefully cut perpendicular to the culm axis with a razor blade. Thickness of the radial and tangential cell walls of epidermal, sclerenchyma, and parenchyma cells were measured under a microscope (Olympus model BHC, Tokyo) using an ocular micrometer with a precision of 0.25 gm. Crosssections were studied from at least three different culms.
Protoplast and cell dimensions along the radial and tangential axes of each tissue were measured to calculate the ratio of cell wall area to total cell area. In sclerenchyma and parenchyma cells, the cell and protoplast shapes were elliptical. Short (a) and long axes (a') of the protoplast and short (b) and long axes (b') of the cell including cell wall were measured. Total cell area for sclerenchyma and parenchyma was calculated by (b x b')ir/4, and protoplast area by (a x a')ir/ 4. The cell wall area was, therefore, calculated by (total cell area -protoplast area). On the other hand, cell and protoplast shapes of epidermal cells are rectangular. The cell wall area was calculated by (b x b') -(a x a').
Cell Wall Fractionation
Methanol-fixed fourth internodes were rehydrated for 2 h in 300 mL deionized water at room temperature. Rehydrated culms were blotted dry and homogenized for 30 Chloramine-T soluble fraction plus washings were combined and designated as the chloramine-T soluble fraction.
Extraction with chloramine-T was repeated until the residue became white. A solution of 4.4 N NaOH was used to extract the white residue, and the collected extracts designated as the alkaline fraction. Final residue, designated as the cellulose fraction, yielded 99.95% glucose assayed by GLC (1) after acid hydrolysis with 15 N H2SO4 for 1 h at room temperature and 2 N H2SO4 for 10 h at 100°C.
Sugar Analyses
Total sugar contents of each fraction were determined by the phenol-sulfuric acid method (4). Monosaccharide composition of the alkaline fraction was determined by GLC (1) . The sugar analysis experiments were repeated three times (1985, 1986, 1987) with data being similar. Data for April 30, 1987, with triplicate samples are presented.
Maximum Bending Stress
Seven-cm sections ofthe fourth internode fixed in methanol were rehydrated for 2 h in 300 mL ofdeionized water at room temperature. Rehydrated internodes were measured as described in Figure 1 . Maximum bending stress (am, g/mm2) was calculated as follows (26) Pmax L/4
where L is the distance between edges (25 mm (Table IV) . Correlation coefficients between a.. and relative cell wall area of epidermal, sclerenchyma, and parenchyma tissues were 0.93, 0.90, and 0.84, respectively (Fig. 3) .
Cell Wall Components Table V shows the sugar contents ofcellulose, alkali-soluble and chloramine-T-soluble fractions of cell walls from brittle and nonbrittle strains. Cellulose content of brittle culms was conspicuously lower than that of nonbrittle culms (6-64% of uzu Akashinriki). Conversely, both alkali-soluble and chloramine-T-soluble fractions for brittle strain were only slightly lower than for nonbrittle strains. Sugar content in the chloramine-T-soluble fractions was extremely small. The monosaccharide composition of the alkali-soluble fraction is shown in Table VI Correlation coefficients between cellulose content and amax (Fig. 4) were significant (r = 0.93), indicating clearly that the brittleness is associated with lower cellulose content in the cell wall.
DISCUSSION
Semidwarf mutants containing low amounts of IAA in the coleoptile have been found in barley (8) and maize (27) . Sugar Tables II and Ill . Cell wall area was calculated by subtracting protoplast area from total cell area, then the ratio of cell wall to total cell area was calculated. See "Materials and Methods" for the calculation method. (22) . Collectively, these data suggest that hemicellulosic components in dwarf mutants of barley may be closely related to the stress relaxation times and relaxation rates as reported previously for Avena coleoptiles (19, 20) and azuki bean epicotyls (16) (17) (18) . Mechanical properties of cell walls of the fourth internode of brittle and nonbrittle strain were measured by a stress relaxation analysis (28) . The results, however, failed to show significant differences in the minimum stress relaxation times and relaxation rates between brittle and nonbrittle barley (data not shown). Thus, brittleness is not determined by the stress relaxation parameters although these may be associated with the physicochemical nature of the hemicellulosic polysaccharides.
Culm brittleness of barley mutants could be physically Maximum bending stress and cellulose content are shown in Table  and Table V 
